Introduction
Understanding biogeochemical hotspots and biological factors that lead to high concentrations of toxic metals in fish is critical in identifying where the health of humans and fish-eating wildlife might be compromised (Mergler et al., 2007; Munthe (Swanson and Kidd, 2010) . Therefore coastal species that move between and feed in different areas could exhibit different concentrations if methylation potential and resultant Hg availability differs among habitats (Hall et al. 2008 ). One such transient species is barramundi (Lates calcarifer), also known as Asian sea bass, a common predator in estuaries and the lower reaches of rivers throughout the Australasian region. The commercial barramundi fishery in northern Australia supplies southern markets for table consumption with catches between 1000 and 2000 tonnes annually (Blaber 2000) . This species is also consumed by traditional fishers in Aboriginal communities (Rae et al. 1982) , as well as being a popular target for anglers, the latter having catches as high as 30% of the commercial catch (Griffin 1979) . In Lake Murray of neighbouring Papua New Guinea, Hg concentrations in barramundi are often well above consumption guidelines (Sorentino, 1979) ; as a result there are severe health implications for local communities where barramundi is eaten regularly (Abe et al., 1995) . High Hg concentrations in barramundi in Lake Murray are due to efficient transfer of methyl Hg from water to plankton and high rates of biomagnification through the food web leading to this top predator (Yoshinaga et al., 1992; Bowles et al., 2001) . Despite the importance of this species in the diet of humans and its ubiquity across the Australasian region, rarely have Hg concentrations been reported for locations other than Papua New Guinea .
This study characterises Hg concentrations in river and wetland ecosystems of northern Australia (Lyle, 1984; Jardine and Bunn, 2010) by combining data from three sub-projects to yield a comprehensive picture for the region. The first study conducted a broad scale survey of rivers, wetlands and estuaries in Cape York and measured total Hg in filtered and unfiltered waters and total Hg in sediments to determine if concentrations were high or low relative to other comparable ecoregions (e.g. Amazonia, Papua New Guinea). The second study used stable isotope analysis (SIA) of nitrogen to characterize Hg biomagnification rates in food webs (invertebrates and small fishes) of the Mitchell River, a large floodplain river of Cape York. The trophic level of animals can accurately be determined using stable isotopes of nitrogen because the heavier isotope increases in a predictable fashion with each level of the food chain (Post, 2002) . The third study combined SIA with measures of size and age in two populations of barramundi to determine if Hg concentrations posed threats to human health, and to determine the factors responsible for variation (trophic level, and the relative use of marine and freshwater environments, Doucett et al., 1999; Post, 2002) . Sources of organic matter are traceable with stable isotope ratios of carbon and sulphur because ratios of these elements differ among habitats and food sources and change little once they enter food webs (Vander Zanden and Rasmussen, 1999) . We predicted that barramundi from the Mitchell River, which has current and historical alluvial gold mining in a portion of its catchment, would have concentrations that were higher than those from an adjacent catchment, the Flinders River, where this type of mining is limited. We expected that concentrations would increase with body size, and largest individuals would have concentrations above acceptable consumption guidelines . We also predicted that fish feeding and growing in saltwater would have higher Hg concentrations than those in freshwater, as would be expected due to growth dilution in the latter habitat which is believed to be more productive than the former in tropical regions (Gross et al., 1989; Davies et al., 2006; Milton et al., 2008) . All of these measurements were made to identify possible Hg risks to humans and wildlife and better understand sources of variation in Hg concentrations in this remote tropical landscape. conditions. Estuary water samples were collected on the out-going tide across a range of saltwater/freshwater mixes, with the measured salinity of estuary water samples ranging from 0 ppt to 35.8 ppt at the mouths of rivers where minimal mixing had occurred. Water samples are representative of both wet season flood event and dry season baseflow conditions. Samples were collected by boat or from the edge of the waterbody directly into the sample bottle, or using a 3m extended sampling pole sample collection bottle.
Polypropylene water sample bottles were lab-sterilised and preserved with nitric acid to a pH <2 (APHA 2005) . Dissolved Hg samples were filtered at the site through 60cc/ml Terumo brand plastic syringes fitted with a 0.45 µm Sartorius brand cellulose acetate filter. These filters have low adsorption characteristics. Sediment samples were collected using a stainless steel sediment grab sampler or stainless steel spoon and placed in sterilised glass sample jars. Sediments containing clay and silt were targeted for analysis and sediment type was documented for each sample.
All non-dedicated equipment including sample collection bottles, sediment grab sampler and spoons was decontaminated between each use using a scrub brush and distilled water and rinsate samples were collected to test for potential cross- Sites included two in the Palmer River, a location of historic alluvial mining that yielded 40 tonnes of gold largely in the period 1872-1900 (Bell, 1987) but is still in small-scale production today.
To examine Hg concentrations in larger, older fish that were under-represented in the biomagnification study, barramundi samples were collected from two river systems in the state of Queensland (Figure 1 ). In the Mitchell River (15º 13' S, 141º 36 E, n = 46 analysed for Hg and isotopes, n = 38 analysed for Hg only), samples were from recreational fisherman in the lower river collected throughout the dry season (May to October), and in the Flinders River (17º 31', 140º 44', n = 41 analysed 190 191 192 193 194 195 196 197 198 for Hg and isotopes, n = 22 analysed for Hg only, n = 11 analysed for isotopes only), samples were from commercial fishermen that were caught during the late wet season (February to April) in the lower river. An additional estuarine species, king threadfin (Polydactylus macrochir) was also collected from the Mitchell River (n = 14 analysed for Hg and isotopes) from recreational anglers during the dry season to compare concentrations and feeding patterns with those of barramundi. For all fish, muscle tissue was removed from the head end of the fillet above the operculum and stored on ice and frozen.
Water and sediment laboratory processing and analysis
Mercury concentrations were measured in filtered and unfiltered water Recovery rates on MS and LCS samples were within the acceptable limits (84% -116% as per USEPA SW846) and method blank samples contained no Hg above the detection limit; however spike amounts were significantly higher than environmental values and recovery rates may have been lower at lower spike concentrations.
Mercury concentrations in these water sediment samples were compared to guidelines for the protection of aquatic life (Gaudet et al. 1995 , MacDonald et al. 2000 and those reported for areas contaminated by mining activties (Suchanek et al. 2008 ).
Biotic sample laboratory processing and analysis
Invertebrate and fish samples were freeze dried, ground to a fine powder, and analysed for total Hg on a Direct Mercury Analyzer (DMA-80, Milestone, Inc.).
Recovery of certified reference materials analysed alongside samples was high 
Statistics
All statistical analyses were conducted using NCSS software (Kaysville, UT).
To assess biomagnification in the food web samples from the Mitchell River, we ran regressions of log-transformed Hg concentrations against  previous biomagnification studies with stable isotopes (Bowles et al. 2001; Campbell et al. 2003 Campbell et al. , 2008 Kidd et al. 2003) . Non-zero slopes were considered indicative of biomagnification (Jardine and Kidd, 2011) . For those sites with non-zero slopes, trophic magnification factors (TMFs, Jardine et al., 2006) invertebrates and fishes into five categories based on their assumed diet (Pusey et al., 2004) . These categories were: herbivorous invertebrates (shrimps Atyidae), omnivorous invertebrates (crayfish Cherax spp., prawns Macrobrachium spp., mussels Hyriidae), herbivorous fishes (bony bream Nematalosa erebi), omnivorous fishes (mouth almighty Glossamia aprion, rainbowfish Melanotaenia splendida, sleepy cod Oxyeleotris lineolatus, and spangled perch Leiopotherapon unicolor), and piscivorous fishes (barramundi, longtom). These categories were deemed to provide an appropriate level of resolution because of the generalist nature of consumers in the Australian wet-dry tropics (Pusey et al. 2010 ) compared with more specialized niches occupied by fishes in the Neotropics (McIntyre et al. 2008) . They were grouped across sites and a one-way ANOVA was run, followed by a Bonferroni post-hoc test to determine if there were differences among groups in log-transformed Hg concentrations. Differences were considered significant if p < 0.05.
For the barramundi samples, the proportion of the diet derived from three sources (marine, floodplain, river) was calculated for all fish using methods outlined in Jardine et al., (in press) and using IsoError software for three sources and two isotopes ( inclusion of a variable in the final model. We focused on those barramundi that had recruited to the fishery, excluding five small fish that were captured in a floodplain lagoon in the food web biomagnification survey. These latter fish were excluded because they were captured at a single site and were considerably smaller (29 to 38 cm) than the smallest fish (55 cm) from the fishery. Prior to running the model that included data from both catchments, we tested for seasonal variation in barramundi Hg in the Mitchell because these samples were collected over a four month period and Hg has been shown to vary seasonally in tropical fishes (Dorea et al. 2006 ). This preliminary model that included the other variables found no effect of sampling date (F = 0.537, p = 0.470), so we ran the remaining full model for both catchments without it. Table 2 ). The maximum concentration of Hg detected in sediments was 1.1 µg g -1 in a sample from the Endeavour River.
Results

Water and sediments
Food web biomagnification
Biomagnification of Hg through food webs in the Mitchell River was low, with an average slope of log Hg versus  15 N of 0.08 (Table 3) . At only three of the 14 sites were slopes significantly different to zero (Table 3) . At the three sites with significant regressions, slopes ranged from 0.14 to 0.36, corresponding to trophic magnification factors of 2.9 to 16.3 (TMFs at the remaining sites were effectively zero). When taxa were pooled across sites, only slight increases in Hg with trophic level were observed, and all groups, including top predators (piscivorous fishes) had concentrations that were well below typical international consumption guidelines of 0.5 ug g Figure   2 ).
Barramundi
Of all barramundi samples analysed for Hg (n = 142, Figure 3) , only one was above the recommended consumption guideline of 0.5 ug g -1 wet weight (or 2.5 ug g -1 dry weight assuming 80% moisture). Likewise all king threadfin (n = 14) were below the consumption guideline (data not shown).
There was a significant correlation between  
Discussion
Our broad scale survey of Hg in water and sediments coupled with first results from fish and other biota at the site and catchment level suggests that Hg is not a major environmental concern in north Queensland, Australia (Jardine and Bunn, 2010) . Mercury trophic magnification factors within food webs were low relative to other regions of the world and few fish approached or exceeded consumption guidelines, suggesting that the health of humans and wildlife consuming fish such as barramundi from these rivers is unlikely to be compromised because of exposure to this toxic element. This includes Aboriginal communities that harvest riverine resources, and contrasts with several other tropical locations where natural sources of Hg (e.g. Papua New Guinea, Bowles et al. 2001) or point sources such as artisanal gold mining (e.g. Brazil, Akagi et al., 1995; Ghana, Hilson et al., 2007; Indonesia, Kambey et al., 2001 ) have led to considerable Hg exposure in local communities largely via fish consumption.
Concentrations measured in the broad scale survey of water and sediments were generally below known thresholds for biological effects (Gaudet et al. 1995 , MacDonald et al. 2000 and low relative to sites that have been contaminated by Hg point sources such as mining discharges. -at the detection limit in the current study) in Lake Murray, Papua New Guinea, but efficient uptake into plankton and subsequent food web biomagnification led to concentrations in fish that were above recommended guidelines. For this reason, we extended our study to include food web Hg biomagnification, measured using stable isotopes of nitrogen (Kidd et al., 1995) .
Trophic magnification factors (TMFs) for Hg, as measured by log Hg- 15 N regressions, were lower than those typically reported in other tropical waterbodies.
Food webs in African lakes had log Hg- 15 N regression slopes ranging from 0.12 to 0.22 (Campbell et al., 2003 (Campbell et al., , 2008 Kidd et al., 2003) and biota from Lake Murray in Papua New Guinea had a slope of 0.28 (Bowles et al., 2001) , considerably higher than invertebrates from a coastal freshwater lagoon in Brazil also showed no evidence of Hg biomagnification (slope = 0.08, Pereira et al., 2010) , suggesting that biotic factors such as growth dilution could limit Hg biomagnification (Karimi et al., 2007) . While the low slopes in the current may be a function of the use of total Hg that does not biomagnify as strongly as the methyl fraction alone (Mason et al. 1996) , one alternative explanation is a decoupling of consumers from their resources (Jardine et al. 2006 ). Many of the larger fishes derive biomass from the floodplain and carry it back into dry season refugia (main channel and waterholes) (Jardine et al., in press ).
As such, non-mobile consumers with low  (Mill et al., 2007) . Bony bream in the current study have relatively high  15 N yet they are known to be strict herbivores (Sternberg et al., 2008) . Similarly, prawns (Macrobrachium spp.) and rainbowfish (M. splendida) are both omnivores as suggested by past dietary studies (Pusey et al., 2004) Body size explained little of the variation in barramundi Hg concentrations (r = 0.02, Figure 3 ). This is surprising given the strong positive relationship between barramundi size and Hg observed in prior studies (Sorentino, 1979; Jones et al., 2005) and generally strong correlations between these variables for a broad range of predatory fish species in tropical and temperate locations (e.g. Wiener et al., 1990; Lange et al., 1994; Da Silva et al., 2005; Desta et al., 2008) . Relationships between 2005), but in the current study there was no negative correlation between body size and Hg within the 2-year old age class even though 2-year-olds ranged in size from 549 mm to 932 mm in the Flinders River. Furthermore, there was no negative correlation between size at age 2 and % marine feeding, even though barramundi are expected to grow more rapidly in productive freshwaters (Gross et al., 1988; Milton et al., 2008) . The increase in Hg concentrations with barramundi age is likely due to a combination of reduced feeding efficiency and higher Hg concentrations in prey in older fish (Trudel and Rasmussen, 2006) .
Trophic level, while correlated with Hg concentrations, was not a significant predictor of Hg in the multiple regression model. Barramundi are known to feed more heavily on fish as they grow, switching from a diet dominated by macrocrustaceans as juveniles (80-400 mm total length) to a diet dominated by fish as adults (>400 mm) (Pusey et al., 2004) , however subtle dietary changes do occur within the latter size class that was examined here (Davis, 1985) . Stable N isotope data suggest that (Da Silva et al., 2005) , suggesting that Hg continues to accumulate with age or is efficiently retained in the organism with a long half life, despite eating less-contaminated prey (Trudel and Rasmussen 2006) . This may be the case for barramundi, where age is a more important determinant of Hg than trophic level, and Hg is accumulated more strongly than can be explained by differences in The data from this study that included multiple environmental matrices (water, sediment, invertebrates and small and large fish) from a broad geographic region suggests that Hg does not pose a threat to the health of humans or wildlife in this region of Australia (Jardine and Bunn 2010) . However, focused investigations of methyl Hg dynamics in various compartments of these floodplain systems and their uptake into food webs would help draw more comprehensive comparisons to other tropical regions (Guimaraes et al. 2000 , Bowles et al. 2001 . Advocates of future water resource development that is expected in this region should remain wary of the possibility that subtle changes to hydrology or geomorphology could lead to enhanced Hg risks as are observed elsewhere Bowles et al., 2001; Kambey et al., 2001) . 
